SUMMARY. The effects of metabolic coronary vasodilation on transcapillary exchange in the heart were examined in anesthetized dogs by use of the multiple indicator dilution technique. Animals were studied under basal conditions and during coronary sinus pacing. To obviate adrenal medullary stimulation, catheters were placed in coronary artery and coronary sinus in a closed chest preparation. Plasma catecholamine concentrations were determined to provide an index of the level of sympathetic tone. Labeled albumin and sucrose were injected into the coronary artery, and outflow dilution curves were secured. Analysis of these, with a model incorporating throughput and returning components, and heterogeneity of capillary transit times, provided parameters reflecting flow, permeability-surface product for sucrose, and capillary heterogeneity. Coronary sinus pacing increased both heart rate and plasma norepinephrine values; in response, myocardial oxygen consumption increased, metabolic vasodilation occurred, and coronary flow increased. The capillary permeability-surface product for sucrose increased with the flow but tended to plateau at higher values, showing a saturation phenomenon. Capillary heterogeneity, present in control animals with low sympathetic tone, was grossly decreased during cardiac metabolic activation. The Crone-Renkin approximation formula for the permeabilitysurface product yielded values that were too low at low flows and values approaching those from the complete model at high flows. The findings indicate an integrated pattern of circulatory response to cardiac metabolic activation characterized by decreased resistance, increased flow, increased permeability-surface product, and reduced heterogeneity. The last two effects amplify the capacity of increased flow to deliver substrates to heart muscle cells. (Circ Res 53: 719-730, 1983) AN elevation in coronary blood flow during cardiac metabolic stimulation represents the expected response of the coronary circulation to the increased myocardial demand for oxygen and nutrients. Measurement of coronary blood flow does not, however, provide a complete reflection of the ability of the heart to provide for its nutritional requirements. The exchange capability of the capillary system (its permeability-surface product), in particular, is an important variable modulating the effect of changes in flow-it controls the exchange of substrates between the vascular compartment and the extracellular space of the heart, where they are presented to the myocardial cells. An increase in the capillary permeability-surface product would magnify the effectiveness of a higher coronary flow for the delivery of nutrients to the interstitial space of the heart, as would a decrease in capillary heterogeneity. In the present work, it is our purpose to characterize whether, and to what degree, these occur.
AN elevation in coronary blood flow during cardiac metabolic stimulation represents the expected response of the coronary circulation to the increased myocardial demand for oxygen and nutrients. Measurement of coronary blood flow does not, however, provide a complete reflection of the ability of the heart to provide for its nutritional requirements. The exchange capability of the capillary system (its permeability-surface product), in particular, is an important variable modulating the effect of changes in flow-it controls the exchange of substrates between the vascular compartment and the extracellular space of the heart, where they are presented to the myocardial cells. An increase in the capillary permeability-surface product would magnify the effectiveness of a higher coronary flow for the delivery of nutrients to the interstitial space of the heart, as would a decrease in capillary heterogeneity. In the present work, it is our purpose to characterize whether, and to what degree, these occur.
We previously examined the relation between coronary flow and the permeability-surface product for sodium in the working canine heart with the multiple indicator dilution technique (Rose and Goresky, 1976; Rose et al., 1980) . The permeability-surface product values were found to increase with coronary flow but to be relatively independent of coronary perfusion pressure. During pharmacological vasodilation with papaverine at constant flow and with decreased perfusion pressure, no significant change occurred in the permeability-surface product. With restoration of control perfusion pressure (in the face of a continuing vasodilation), flow increased; this increase was accompanied by an elevation in the capillary permeability-surface product. The findings indicated that increases in the permeability-surface product resulted from the higher flow rates and were unrelated to the vasodilation, per se. In these studies, the myocardium was perfused through an extracorporeal circuit, and changes in coronary flow were produced both by varying the pump pressure and perfusion rate and by intravenous injections of
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Circulation Research/Vol. 53, No. 6, December 1983 coronary vasodilators. These mechanical and pharmacological manipulations of coronary flow involve stimuli and situations which cross and extend beyond the normal range. To define the latter, studies in the autoperfused canine heart, in which the coronary perfusion pressure matches the systemic pressure generated by the ventricle, are needed. Using the multiple indicator dilution approach, we have been able to examine the relation between coronary flow and capillary permeability-surface product values in this more normal situation, in the working canine heart, both at rest and during cardiac metabolic activation. In designing the study, we thought it important to have an initial control situation in which the trauma involved in creating the surgical preparation would be minimal, and then to utilize a relatively noninvasive stimulus. We therefore utilized a recently adapted approach for multiple indicator dilution studies in the canine heart in which a closed chest approach is utilized (Cousineau et al., 1981) . Catheters are placed relatively atraumatically in coronary artery (through the carotid artery) and coronary sinus (through the jugular vein), and a relatively unstimulated control state is achieved. Coronary sinus pacing has been found to increase myocardial blood flow and oxygen consumption (Schwartz et al., 1979) ; we used this stimulus to produce a state of increased cardiac metabolic demand. In carrying out this study, we also measured the concomitant concentrations of norepinephrine in the aorta and coronary sinus, to acquire an index of the levels of sympathetic activation present in the control and stimulated situations.
It was expected that this design would provide a near physiological pattern of behavior, spanning the range from a basal nonstimulated state to one of relatively large scale metabolic stimulation. The approach used will provide a description of how the coronary circulation is able to provide adequate nutrients to the cardiac myocytes (via the interstitial space) during metabolic stimulation; it should, in particular, also provide a description of how the capillary permeability-surface parameters vary with flow.
Methods
Mongrel dogs, weighing between 17 and 24 kg, were anesthetized with pentobarbital (30 mg/kg). Epinephrine, produced by the adrenal medulla, activates the cardiac sympathetic functions in the heart (Clutter et al., 1981) , and this hormone would be expected to increase the myocardial metabolic demand. To minimize its effect (that is, to obtain a group of control or basal animals with low levels of cardiac metabolic activation), a set of maneuvers was utilized which had been found to keep epinephrine values at low resting levels: diazepam (1 mg/kg) was administered intravenously prior to anesthesia and, postanesthesia, glucose (1 g/kg) was infused intravenously in an isotonic solution over a period of 30 minutes.
The main stem or circumflex branch of the coronary artery was catheterized via a carotid artery under fluoroscopy with an angiographic catheter and the coronary sinus was catheterized via the right jugular vein. The heart rate and aortic blood pressure were monitored continuously.
The materials to be injected were made up as follows: 6 ml of the injection mixture, adjusted to the same hematocrit as that of the dog, contained 0.05 mCi l25 I-labeled albumin (Charles E. Frosst), a reference substance that does not leave the coronary circulation within a single passage (Ziegler and Goresky, 1971a) and 0.1 mCi sucrose ( I4 C(U)] (New England Nuclear), a diffusible substance which leaves the circulation to enter the interstitial space during its passage through the heart. The detailed protocol for a dilution experiment was as follows. When the preparation was in a steady state, 0.75 ml of the mixture was rapidly flushed through the input catheter. Simultaneously, a collection rack was started and samples were collected from the coronary sinus at the rate of 1 to 1.50 samples per second. Immediately after the experimental run, 6 ml of blood was simultaneously sampled from aorta and coronary sinus, for the measurement of circulating catecholamines and, in a subset of the experiments, for blood hemoglobin and oxygen content.
The multiple indicator dilution studies were carried out, after heart rate and blood pressure had stabilized, in a group of eight animals under basal conditions and following coronary sinus pacing. The pacing was carried out through a coronary sinus pacing and sampling catheter with a Grass stimulator [set at 5 V, 20 msec duration, 3.5 Hz (that is, a heart rate of 210 beats/min)], beginning at a time 5 minutes before the dilution study. Sample preparation and assay were carried out as follows. A volume of 0.1 ml from each heparinized blood sample collected during the dilution study was diluted with 1.5 ml of saline, pipetted into a counting tube, and assayed for radioactivity in a 7 ray spectrometer set for the photopeak characteristic of 125 I. The proteins then were precipitated with 0.2 ml of trichloroacehc acid, and 0.2 ml of the supernatant fluid was pipetted into a scintillation cocktail and assayed for U C activity in a liquid scintillation counter. Samples from the injection mixture, diluted with blood, and cross-over standards were treated identically. To normalize the activity resulting from each of the tracers with respect to the others (for the purposes of our later analysis), we divided the activity associated with each species by the total activity of each injected. The resulting value is a fraction of the total injected per millihter of venous blood.
For the determination of the catecholamine levels, 3 ml of blood were transferred to ice-cold tubes that contained glutathione and EGTA, as described by Peuler and Johnson (1977) . Norepinephrine and epinephrine levels were determined in duplicate in 50 fi\ of plasma by the radioenzymatic method outlined by these authors, with only minor modification (Cat-a-Kit, Upjohn). Blood hemoglobin and oxygen contents were measured with a Lex O 2 Con-K analyzer (Lexington Instruments).
Analysis of the Data
Normalized coronary sinus outflow curves in an animal before and during coronary sinus pacing are shown in Figure 1 . Each curve is expressed as a fraction of the injected activity found at the outflow, per milliliter of blood, vs. time. The relationships between the outflow dilution curves can be interpreted qualitatively in the following way. Labeled albumin, the intravascular reference substance, occupies the plasma space in blood and does not leave the capillary to any significant degree during a single passage. Its outflow pattern is shaped solely by the distribution of transit times in the large or non-exchanging vessels and the capillaries or exchanging vessels. Sucrose occupies a space in plasma identical to the labeled albumin but permeates the capillary barrier via aqueous channels, to enter the interstitial space. It serves as an interstitial or extracellular space reference. In the early samples, the sucrose curve is reduced in relation to the albumin curve because of loss from the capillary and then, later in time, the labeled sucrose returns to the capillary, to emerge in a delayed fashion at the outflow. The later components of the labeled sucrose curve, emerging at the outflow after most of the labeled albumin has left the organ, then cross over and are found above the tail of the labeled albumin curve. The cumulative recover}' under the sucrose curve is equal to that under the albumin curve. When multiple indicator dilution experiments were first carried out with materials limited in their transfer by the capillary barrier, it was initially assumed that, early in time, the outflow profile would consist only of throughput material that had not passed the capillary barrier, that the fraction which had entered the tissue would be delayed by virtue of access to its extravascular space of distribution, and that this would not contribute to the outflow tracer profile early in time. Modeling the process (Renkin, 1959; Crone, 1963; Goresky et al., 1970a) indicated that the fraction of the diffusible label reaching the outflow as a throughput would be exp(-PS C /F C ) times what would have reached the outflow if it had not crossed the barrier (a simultaneously injected vascular reference describing the latter pattern). In this expression, PS C is the permeability-surface product for the capillary and F c is its flow. This expression was then utilized for the analysis of data acquired from a whole organ, the expression being applied to the early parts (upslope and peak) of a set of indicator dilution data. Since many investigators were concerned with the proportion of the diffusible material which had left the vessel rather than its converse, the proportion reaching the outflow in the form of the throughput, the instantaneous tracer extraction E(t) as a function of the time t came to be defined:
where, in this instance, C(t) dlf is the outflow fraction per ml for the diffusible label, sucrose, and Q t^i s the outflow fraction per ml for its simultaneously injected vascular reference, albumin. With this definition in hand, the permeability-surface product for the whole organ was calculated by use of the expression
where F is the whole organ flow and (1 -E) is the proportion of diffusible tracer reaching the outflow. If the extraction was reasonably constant along the upslopes of the curves, it became customary to utilize an average over the interval. When the extraction was found to increase along the upslope and to become largest at the peak, often either the peak value (Bassingthwaighte, 1974) or an integral extraction based on values from appearance to peak (Harris et al., 1978) was utilized as representative of the whole.
More can be learned from indicator dilution studies by utilizing all of the data in the curves. Before proceeding with this, much more complex, analysis, it is appropriate to examine the forms of the data acquired in the present study, concentrating especially on upslope values, and to compare them with those secured in previous studies. Instantaneous extraction plots, calculated from the relations between the reference and diffusible curves, are illustrated in the third set of panels of Figure 1 . In the coronary sinus pacing experiment, the instantaneous ex-
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Circulation Research/Vol. 53, No. 6, December 1983 traction is relatively constant along the curves early in time, without any really apparent maximum; near the albumin peak, it begins to decrease rapidly as tracer returns to the circulation. This form is what is expected if capillary transit times are uniform. Use of a single capillary transit time kind of model for the calculation of permeability surface product values then becomes appropriate. The data are, however, quite different in the basal control situation. In the control experiment, the early extraction values increase along the upslope by a factor of 2, to reach a maximum at the time of the peak of the labeled albumin outflow fraction curve. The extraction values thereafter rapidly diverge downwards, with return of tracer from the extravascular space. If we assume that the tracer return begins when the extraction curve begins to diverge downward, the form of the early part of the curve indicates that the extractions corresponding to the throughput components have increased progressively with time, and one could infer that, if return of tracer had not occurred, the pathways that emerge latest would have exhibited even higher extractions. In this case, no single value for the extraction exists, and the data do not correspond to the condition necessary for the single value calculation of permeability-surface product values, that early extractions are stable. Earlier experimental data fit into this spectrum: those of Alvarez and Yudilevich (1969) , from an isolated dog heart perfused with low hematocrit diluted blood, show flat early extraction curves (the use of a low oxygen carrying capacity perfusion medium undoubtedly provoked vasodilation); those of Guller et al. (1975) from an isolated nonworking dog heart perfused with blood from a support animal, show some rise in early extraction; and those of Ziegler and Goresky (1971a) , acquired in an in situ working dog heart perfused from the femoral artery, show a larger rate of rise in early extraction but a rate lower than that evident in the control experiment illustrated here.
Since this qualitative analysis indicates that no single extraction is representative of behavior at the capillary level in the heart under basal conditions, a hypothesis differing from the classical one is needed to explain this pattern of extraction. Rose and Goresky (1976) previously reported that elevation of the pressure in the perfusion circuit of coronaries irrigated through an extracorporeal circuit both caused an increase in coronary resistance and exaggerated the increasing with time early extractions of sucrose, so that the data were very similar to those observed in our group of control animals. The first intuitive explanation of the increase in extraction with time is that outflow capillary transit times corresponding to the successive parts of the vascular reference outflow curve increase with time. Utilizing this assumption, Rose and Goresky (1976) developed a multicapillary model based on the premise that the system is composed of parallel units consisting of large vessels and groups of capillaries, with flow-coupling in each unit. In a system with a homogeneous structure, variation in local flows then results in a variation in capillary transit times; outflow times then will be expected to sequence outflow capillary transit times in increasing order.
The assmption that outflow capillary transit times increase with time along the dilution curve is susceptible to experimental examination. Consider once again the single capillary throughput. The expression PS C /F C in exp(-PS C / F c ) is equal to (PSc/V^-CVc/F^), where V c is the volume of the capillary, and consequently to (PS C /V C )-T C , where T C is the transit time through the capillary. Hence, since for the throughput components of a diffusible label curve emerging at a particular time t, Cdi f (t) = C^f ) exp(-PS c / F c ), iniC^/Cau) will be expected to vary along the curve (with time) with PS C /F C values for successively emerging dominant capillary groups [that is, with (PS c /V c )T c (t)]. Thus a plot of the expression l^C^/Cdi/) will, as a function of time, map out the function (PS c /V c )-T c (t) for the early parts of the curve corresponding to relatively uncontaminated throughput components, where T c (t) indicates how capillary outflow time changes as a function of time along the curve. The parameter PS C /V,. will be expected to be relatively constant. The expression ln(Crrf/Cd^), over the period where it corresponds to throughput components, will therefore vary with r c (t), that is, as the capillary transit times at the outflow vary with time (Rose and Goresky, 1976) . The lower panels illustrate this function, for the control and paced situations. In the first or control instance, the ln(C r rf/Cdjf) function is initially a straight line rising with time, as expected, whereas, after stimulation, it is a locus initially unchanging in its value.
Our discussion of the form of the data has so far dealt only with throughput components. The outflow profile for a diffusible label is composed not only of these, it also includes returning components, with all the information they embody. To analyze the diffusible label curve it is necessary to utilize a more complete model, one distributed in space and time, which includes return of tracer from its extravascular space. Assume plug flow in the capillary, dimensions and flows such that the radial gradient in the interstitial space is negligible, and negligible longitudinal diffusion (Goresky et al., 1970b) . Let u and v be the concentrations of tracer at a place x and time t, in vascular and interstitial spaces, respectively; W, the plasma bulk flow velocity in the capillary; x, the distance along the capillary; y, the ratio of accessible interstitial to vascular volume; and k] and k 2 , the permeability-surface products for efflux from and influx into the capillary per volume of accessible interstitial space (both are equal when the exchange is passive). The partial differential equations describing the distribution of tracer within this system include an equation of conservation
and an equation describing the exchange across the capillary wall
The time-domain solution to these single capillary representations has been described previously (Goresky et al., 1970b; Ziegler and Goresky, 1971b; . The outflow solution consists, as expected, of two parts: a throughput, followed by an exchanging component. The complete solution to the single capillary can then be fitted to experimental data, provided an appropriate distribution of capillary transit times is chosen. Initial utilization of the complete capillary modeling, with an assumption of uniform capillary transit times, provided reasonable overall fits to open chest protocol experiments but the fit to the upslope in most of these was systematically in error (Ziegler and Goresky, 1971a) . To provide for a fit without this kind of problem it is necessary to utilize the set of ideas outlined above, to adopt a distribution of capillary transit times which can potentially be allowed to increase with time at an appropriate rate. Early in time, when the calculated labeled sucrose curve is composed virtually completely of throughput material, it may, from the solution to Equations 3 and 4, be represented mathematically as exp[-ki7T c (t)] times the relative magnitude of the simultaneously injected vascular reference, labeled albumin. Later in time, with tracer return to the vasculature, the outflow profile deviates markedly from this. In control animals (Fig. 1) , the function ln[C(t) rrf /C(t) dl /] increases linearly with time over the upslope, approximately to the peak of the dilution curve, and then deviates downward. To obtain an initial fit to the data, we extrapolate this early linear relation across the interval where return of tracer is occurring (the dashed line extrapolations in the lower panels of Figure 1 ). The justification for the extrapolation lies in the finding that such a function exists, at an experimental level. found, when substrate consumption by the working heart was increased by the infusion of the oxidative phosphorylation uncoupling agent dinitrophenol or flavaspidic acid, that the returning components of labeled palmitate curves had disappeared. With this, the ln[C(t)nrf/C(t)dif] function increased progressively across the whole time course of the curves. This extrapolated theoretical function is equal to ki7 T c(t) which increases with time as T c (t) increases with time. In fitting data, two optimized parameters related to this function will be found: a', the finite value for ki7T c at the appearance time; and b', the rate at which ki7r c (t) increases with time. From Figure 1 , we expect the b ' values to be high in the control animals under basal conditions, and to approach zero in the animals undergoing coronary sinus pacing, with its increased cardiac metabolism. With this approach it is then possible, with appropriate parameter choices, to synthesize, from the reference tracer albumin curve, whole organ outflow dilution curves for the exchanging sucrose tracer and to optimize the parameter values by seeking the closest possible fit of the synthesized to the experimental sucrose outflow curve. To decrease the computing time required for optimization, we utilized in the analysis of the present set of experiments a recently developed frequency-domain approach (Rose et al., 1980) . The optimized parameters obtained by this fitting procedure were the following: k, = the capillary permeability-surface product for sucrose per unit of accessible extravascular (that is, interstitial) space, with the dimensions ml/sec per ml, 4> = plasma flow per unit accessible extravascular space. This is most conveniently calculated as the reciprocal of the difference between the mean transit times of the labeled sucrose and albumin curves, again with dimensions ml/sec per ml, and a' and b' = optimized values, initially derived from the appearance intercept and slope, respectively, of the initial linear portion of the log ratio-time plot, the graph of In[C(t).n,/ C(t) RKTO<! ] vs. time, where C(t),ib and C(t) WOD « are the outflow fraction per ml vs. time curves for the two indicators. The parameter a' is dimensionless, and b ' has the dimensions per sec. Relative myocardial O2 consumption in these experiments has been calculated by use of the following relation: where V O:! is the myocardial oxygen consumption per unit interstitial space, expressed in units of ml/min per ml interstitial space; Hct is the hematocrit, expressed as a fraction; and C Oj .ri and C Oja are the oxygen contents of arterial and coronary blood, respectively, in units of ml/ 100 ml blood.
Finally, to provide insight into the degree of error involved in using the Crone-Renkin type approximations, we calculate the analogue of k,, -<f> ln(l -E), utilizing for the calculations either the peak extraction value (Bassingthwaighte, 1974) or the integral extraction value, based on data from appearance to peak (Harris, 1978) . This calculated approximation is, of course, also a permeability-surface product per unit interstitial space, with the dimensions ml/sec per ml.
Results
Individual and mean values for plasma norepinephrine in aorta and coronary sinus, epinephrine in aorta, aortic and coronary sinus oxygen content, calculated myocardial oxygen consumption, mean perfusion pressure, coronary resistance, and optimized parameters for the sucrose curves derived by best fit procedures are shown in Table 1 for eight dogs before (control) and after coronary sinus pacing (paced).
Plasma norepinephrine increased significantly in aorta and coronary sinus during pacing, indicating an activation of peripheral sympathetic fibers. The coronary sinus oxygen contents in the control series of animals correspond closely to values previously reported for resting conscious animals (Heyndrickx et al., 1980; Feigl, 1983) . The arterial and venous oxygen contents did not change significantly after pacing, but the myocardial oxygen consumption increased, due to a significant increase in coronary flow with pacing. The mean coronary perfusion pressure was unchanged after pacing; the significant decrease in average coronary resistance was, then, secondary to vasodilation. The average b' value (which provides an index of capillary heterogeneity) decreased significantly after pacing, and the average kg values, the capillary permeability-surface product per unit interstitial space, increased significantly. The changes in a nonpaired set of data (Table 2) , lacking oxygen values, were otherwise similar.
The increase in myocardial oxygen consumption and circulating norepinephrine during coronary sinus pacing indicates an activation of both cardiac metabolic demand and peripheral sympathetic fibers, as would have been expected. Myocardial blood flow and oxygen consumption increased with pacing, the whole set describing a fairly tight relation (Fig. 2) . The increased coronary blood flow accompanying the increase in metabolic demand consequent to sympathetic stimulation has, in the past, been shown to be slightly obtunded by a concomitant sympathetic vasoconstricting effect (Mohrman 724 Circulation Research/Vol. 53, No. 6, December 1983 and Feigl, 1978; Johansen et al., 1982) . It is clear that, in the present data, the metabolic vasodilation effect is dominant. With the present experimental design, the heart rate was set at a new high rate by virtue of the pacing. This automatically created an increased metabolic demand. At the same time, the pacing resulted in a release of norepinephrine; aortic levels of norepinephrine were elevated to substantial levels at the time of the paced indicator dilution studies. At the rime of these studies, aortic and coronary sinus norepinephrine values were comparable, indicating that interstitial values were of a similar magnitude (Cousineau et al., 1981) . The increased norepinephrine levels will be expected to be associated, in the animals with a raised fixed rate, with a secondary potent inotropic effect (Eckstein et al., 1950 , Yamaguchi et al., 1975 and further increase in metabolic demand and coronary flow due to this. Figure 3 illustrates the increase in <f> with increase in plasma norepinephrine. The data again indicate the dominance of the metabolic effect. Figure 4 shows the results of fitting the modeling to the two experiments illustrated in Figure 1 . The throughput component of the sucrose curve is, in each case, accentuated by hatched shading. In the control experiment, plotted on a logarithmic ordinate scale representation, the shaded throughput component progressively diverges from the upslope of the reference albumin curve; in the pacing experiment, in contrast, the shaded component parallels the upslope of the labeled albumin curve. The second or returning components are, in each case, outlined in the illustration by the lower solid lines. The results of the fitting indicate that some of the diffusible material returns from the interstitial space to the vascular compartment before the curves attain their peak values. The sucrose tracer returns relatively earlier in the paced animal, with the higher k, value but, with the increased flow and decreased transit time, the magnitude of the returning component, in relation to that of the sucrose peak, is smaller. Over the whole group of experiments, the average coefficient of variation of the fit of the computed to the experimental labeled sucrose curves was 0.079 ± 0.035 (SD).
With the coronary sinus pacing, the mean values for coronary vascular resistance and for b' (which provides an index of the degTee of microcirculatory heterogeneity) decreased significantly. Over the whole range of data, a correlation between b' and coronary vascular resistance was evident (Fig. 5) . At higher values of coronary vascular resistance, b' values were larger; and with the decrease in coronary vascular resistance which occurred with increased metabolic demand, b' diminished and, in many instances, reached zero values. The data indicate that, with increase in the metabolic stimulus, there is a major decrease in the degree of microcirculatory heterogeneity.
Over the total group of control and paced animals, ks increased with 4>, sharply at lower values, at a lower rate at intermediate values, and much less steeply, at high 4> values (Fig. 6) . A saturation phenomenon was evident. The kj values did not clearly reach a maximum in this study, however. To define the pattern of variation, a least squares fit to two saturating kinds of functions was carried out: a rising exponential and a rectangular hyperbola. Initial values for parameters for the rising exponential were derived by use of the graphical procedure described by Perl (1960) , and the estimates were improved by use of an iteration procedure based on Newton's method. The best fit of the rising exponential to the data is k, = 0.228[1.0 -exp(-6.840)]
with a coefficient of variation of the fit of 0.127. In similar fashion, the two parameters of the rectangular hyperbola were first estimated by use of the Eadie (1952) modification of the Lineweaver-Burk method, and these estimates were then improved, (Brace, 1977 of the data, as a solid line in Figure 6 , and the rectangular hyperbola, as a dashed line. Even though the asymptotic maxima of the two expressions are quite divergent, they map out, within the range of the data, essentially the same function. It is of interest to examine the change in the corresponding approximate permeability-surface parameter with <j>, when this is estimated by use of the Renkin-Crone type approximation (Renkin, 1959; Crone, 1963) . The approximation which is the analogue of k, is, in this instance, -4>ln(l -E). The change in this approximate value with <f> is shown in the upper panels of Figure 7 , both when the approximation is calculated with peak extraction values (Bassingthwaighte, 1974) and with integral extraction values (Harris, 1978) . The approximations (Brace, 1977) were systematically lower than the kj values, especially over the lower end of the 4> range. No evident saturation in the approximation values was evident, with increase in <f>, across the range of <f> values explored. In the lower panels of Figure 7 , the change in the ratio of the approximation value to kj (that is, in [ -$ln(l -E)]/ks) with <p is plotted. For both peak and integral extraction approximations, the ratio was lower than unity, over the lower 0 range, and it increased toward unity at the higher <f> values. FIGURE 7. The upper panels illustrate the variation in the approximation value -<j>lnCl-E) with <j>, and the lower panels, the variation \n the ratio -4>ln(l-E)/k, with <j>. Peak value extraction E values were utilized to calculate the data in the lefthand panels, and integral extraction values, those in the righthand panels.
systematic change observed is the approach of the approximation values to the k, value, at high values of <t>, or coronary flow. With the increase in homogeneity of flow, at higher flow values, the approximation techniques evidently become more appropriate.
Discussion
The focus of the present set of experiments has been the in vivo measurement of the capillary permeability-surface product in the autoperfused working canine heart during metabolic vasodilation. The present set of data are the first obtained across a wide spectrum of coronary flows in the closed chest working heart situation, in which coronary perfusion pressure matches the systemic pressure generated by the ventricle.
In the present study, the mean value for 4> in control animals averaged 0.094 ml/sec per ml, and that in the paced animals, 0.144 ml/sec per ml. These parameters can be converted to coronary plasma flow in ml/min per g by multiplying their numerical value by 8.85 (Rose et al., 1980) . The conversion factor is based on the experimental relation established between 4> and flow values per g tissue, measured with a flowmeter. The corresponding average values for plasma flow then become 0.83 ml/min per g, and 1.27 ml/min per g; expressed in terms of blood flow (that is, corrected for hematocrit), these values become 1.34 ml/min per g and 2.01 ml/min per g. The mean baseline control value approaches, but is not quite as low as, the recently reported average ventricular flow of 0.96 ml/min per g in the conscious sedated dog, measured with the microsphere technique (Gold and Bache, 1982) . In our group of control animals, the activation of peripheral sympathetic fibers was minimal, as shown by low plasma norepinephrine values, and the adrenal medullae were almost silent, as indicated by the low plasma epinephrine values (in the experiments reported in Tables 1 and 2 , aortic plasma epinephrine concentrations were all below 1.28 nM). It seems unlikely that any previous coronary dilution studies in the working heart have been carried out at comparably low levels of sympathetic activity (which correspond to what is normally seen at rest). Since sympathetic activation increases the myocardial oxygen consumption and elevates coronary blood flow (Eckstein et al., 1950) , the low sympathetic tone observed in control animals in the present study could explain our low baseline values for coronary flow, and especially their approach to the levels of flow observed in the sedated conscious dog. The delineation of the exchange characteristics of the coronary circulation in this more normal state is therefore of great interest, since any knowledge gained is new.
In these control animals with initially low coronary flow, coronary sinus pacing produced various degrees of cardiac metabolic demand, as shown by differing values for the myocardial oxygen consumption, and coronary flows varied in parallel. In the animals with the intense metabolic stimulation created by pacing, when 4> values increased up to 0.200/sec (a coronary blood flow of 3.00 ml/min per g), it is reasonable to assume that, with endogenous controls intact, a major proportion of the coronary reserve was mobilized. With this large spectrum of coronary flows, encompassing control and paced animals, it was then possible to see how the permeability-surface product per unit interstitial space for the capillary system changed with various levels of metabolic demand (it should be noted that ks and 4> are not coupled in their determination; ks is independent of </>). With the endogenously initiated increase in coronary blood flow, increase in the capillary permeability-surface product occurred, improving the capacity of the capillary system to deliver metabolites to the interstitial space and myocytes of the heart during increased metabolic demand. The highest kj value recorded, 0.183 ml/sec per ml interstitial space, corresponded to a permeability-surface product of 1.62 ml/min per g [calculated by use of the conversion factor 8.85 (Rose et al., 1980) ].
The increase in permeability-surface product during sympathetic stimulation can result from an increase in capillary permeability, an increase in capillary surface, or both. The capillary permeability of the coronary bed appears to be a stable architectural constant under normal conditions (Duran and Yudilevich, 1969; Laughlin and Diana, 1975) , and an increase in permeability-surface product will usually result from an increase in the capillary surface area utilized. When flow increases in the coronary circulation, there are a number of potential effects at the level of the capillaries which can lead to increase in the capillary surface. Classically, the major response has been considered to be recruitment of previously unperfused capillaries (Bourdeau-Martini et al., 1974) . We recently showed that there is, however, no recruitment of myocardial cells with increase in flow, that all areas of the myocardium are perfused under normal conditions (Rose et al., 1980) . The response should therefore be classified as an increase in the density of perfusion of areas already perfused. In the present study, the coronary perfusion pressure did not change significantly during pacing, and the increase in coronary flow resulted, rather, from metabolic vasodilarion. It has previously been shown that pharmacological vasodilarion causes no capillary recruitment in the absence of changes in flow (Rose et al., 1980) . In the present situation in which the pressure was maintained, there was, with the vasodilarion, a major increase in flow, and, with this, there was a major degree of capillary recruitment. The stimulated values for the sucrose permeability-surface product per unit interstitial space were larger than any previCirculation Research/Vol. 53, No. 6, December 1983 ously recorded. This is as expected. During cardiac metabolic stimulation, the permeability-surface product per unit interstitial space values tended to plateau at the higher flow values, showing a saturation phenomenon. The presence of a saturation kind of phenomenon in the change in the permeability-surface product with flow has previously been observed, but under different circumstances. The effect has been observed in the isolated heart (Alvarez and Yudilevich, 1969; Guller et al., 1975; Duran et al., 1977) and in the pump-perfused working canine heart (Ziegler and Goresky, 1971) . It was difficult to extrapolate from the apparent saturation behavior to a defined maximal value. The data contain enough scatter, and the highest values are still sufficiently far from a final asymptote that it was not possible to select a best analytical form for the pattern of variation, and thus it was also not possible, with the current range of values, to define from these the maximum for the permeability-surface product for sucrose. This has two implications. The first is that it was not possible, without a firm maximum value, to estimate the reserve of capillaries not perfused. The second is that it was also not possible to derive a firm permeability value from the measured values of the permeability-surface product. To estimate permeability, one must necessarily use an anatomical estimate of capillary surface (that is, an estimate of maximum surface). The calculation of permeability by use of this gives a valid estimate of permeability only if utilized with a permeability-surface value corresponding to the total surface. Thus, if we use the capillary surface area estimate of 500 cm 2 /g, derived by Bassingthwaighte et al. (1974) from silicone elastomer casts, the permeability value corresponding to the lower asymptote (from the rising exponential fit) is 6.7 X 10" 5 cm/ sec and that from the upper asymptote (from the hyperbolic fit) is 10.3 X 10~5 cm/sec. For reasons of conservatism, one might pick the lower rather than the upper set of values. There would be no other way of guiding the choice, however.
Coronary sinus pacing is an efficient technique for increasing myocardial oxygen consumption in the closed-chest animal, but as previously reported in man (Schwartz et al., 1979) , this form of cardiac metabolic stimulation also activates peripheral sympathetic fibers, as demonstrated by the increase in circulating norepinephrine in aorta and coronary sinus. Mohrman and Feigl (1978) reported that the net effect of coronary o-receptor constrictor influence during sympathetic activation was to restrict the metabolically induced increase in flow, so that it was about 30% lower than that observed after ablockade. These observations suggest the possibility that the increase in sympathetic tone during coronary sinus pacing in the present study had a restraining effect on coronary flow. The possibility that sympathetic activation also had a direct effect on the capillary permeability surface product cannot be
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ruled out. However, previous studies from our laboratory have shown the capillary permeability-surface product to be relatively insensitive to variations in coronary vascular tone and to be determined mostly by coronary flow (Rose et al., 1980) . In the present study, the sympathetic activation during coronary sinus pacing may possibly have had some restraining effect on the metabolically related increase in coronary flow, thereby reducing the otherwise expected increment in capillary permeabilitysurface product, but it would not likely have modified the relation between flow and the capillary permeability-surface product.
Permeability-surface product values have often been estimated in the past by use of the RenkinCrone approximation (Renkin, 1959; Crone, 1963) . Use of this approach to estimate ks values from our experiments produced estimates which were substantially lower than those obtained by use of the more complete model. The pattern of variation was also different. The approximation tended to approach the better estimates at higher flows. The approach of the approximation values to the better values at high flows appears to be due both to the decrease relative magnitude of the returning component, at the higher flows, and to the increasing homogeneity of perfusion, at the higher flows. The approximation values may thus be conjectured to be most useful at higher flows, when they approach the values obtained with the more complete model.
The b' or heterogeneity index has had further theoretical examination. Bronikowski et al. (1980) carried out an analysis of theoretical expectations in a randomly coupled rather than flow-coupled system, and showed that, again in this case, outflow times order the sequence of capillary transit times at the outflow. Once more, a linearly rising T C (t) function results, extending over the major part of the set of curves, its slope reflecting the heterogeneity of capillary transit times. Since the randomly coupled case is the other experimental extreme in the spectrum, the b' parameter must be considered to be a valid (and experimentally accessible) index of capillary transit time heterogeneity. Small scale local heterogeneity will thus not be expected to impair the overall flow coupling relation arising from the interaction between incompressible fluid flow and the continuity of the underlying vascular pathways.
The control animals presented a significant degree of capillary heterogeneity, as shown by their high b' values. When the metabolic demand was increased during coronary sinus pacing, the heterogeneity became considerably reduced, and most of the b' values were reduced to zero. We previously explored the changes in b', that is, in capillary heterogeneity, in the canine heart perfused with an extracorporeal circuit, across a whole range of pressure flow relationships (Rose and Goresky, 1976; Rose et al., 1980) . In this situation, attempts to hyperperfuse the working heart provoked an increase in b', in the heterogeneity; and increase in metabolic demand, through uncoupling of oxidative phosphorylation with dinitrophenol, led to a decrease in b'. These findings led to the hypothesis that local metabolic factors are primarily responsible for the control of capillary heterogeneity. The data from the present study reinforce this view. The increase in myocardial oxygen consumption provoked by the coronary sinus pacing abolished capillary heterogeneity. The degree of capillary heterogeneity in an autoperfused preparation under basal conditions may therefore be expected to be related to the degree of cardiac metabolic activation. Openchest dog protocols are associated with high plasma catecholamine values, even under apparently basal conditions (Yamaguchi et al., 1975) , indicating an activation of the sympathetic system. Since an elevation in sympathetic tone increases myocardial metabolism (Eckstein et al., 1950) , diminished degrees of capillary heterogeneity will be expected to be present in autoperfused open-chest dogs. The behavior of the microvascular bed under these circumstances will thus be expected to be more uniform than that in a baseline low metabolic activity state.
The present investigation has profiled the integrated set of events that characterize the response of the coronary vasculature to the metabolic stimulation resulting from coronary sinus pacing; the coronary resistance decreases, coronary flow increases, the capillary surface area involved in exchange increases (the density of perfusion increases), and the capillary perfusion becomes more uniform. All of these responses promote the exchange of substrates between the vascular and interstitial spaces during an increase in myocardial metabolic demand.
